High-resolution (p, t) study of low-spin states in 240 Pu: Octupole excitations, α clustering, and other structure features
Background: Many nuclear-structure features have been observed in the actinides during the last decades. Especially the octupole degree of freedom has been discussed lately after the successful measurement of the B E3; 0
reduced transition strength in 224 Ra. Recent results stemming from γ-spectroscopy experiments and high-resolution (p, t) experiments suggested, that strong octupole correlations might be observed for some positive-parity states of actinide nuclei. Purpose: This work completes a series of (p, t) experiments on actinide nuclei by adding the data on 240 Pu. The (p, t) experiments allow to study low-spin states up to J π = 6 + . Besides two-nucleon transfer cross sections, spin and parity can be assigned to excited states by measuring angular distributions, and several rotational bands are recognized based on these assignments. Methods: A high-resolution (p,t) experiment at Ep= 24 MeV was performed to populate lowspin states in the actinide nucleus 240 Pu. The Q3D magnetic spectrograph of the Maier-Leibnitz Laboratory (MLL) in Munich (Germany) was used to identify the ejected tritons via dE/E particle identification with its focal-plane detection system. Angular distributions were measured at nine different Q3D angles to assign spin and parity to the excited states based on a comparison with coupled-channels DWBA calculations. Results: In total, 209 states have been excited in 240 Pu up to an excitation energy of 3 MeV. Many previously known states have also been observed and their spin-parity assignments were confirmed. However, many of the populated states have been seen for the first time, e.g., 15 new and firmly assigned J π = 0 + states. In addition, all low-spin one-octupole phonon excitations, i.e. K π = 0 − , 1 − , 2 − , 3 − , could be observed and a new candidate for the K = 3 projection is proposed. Furthermore, the double-octupole or α-cluster structure of the 0 + 2 state in 240 Pu has been studied in more detail. It is shown that the 0 + 2 state in 230 Th has a distinctly different structure. In addition, strongly excited 1 − states have been observed at 1.5 MeV and 1.8 MeV in 240 Pu. The present study suggests that similar states might be observed in 230 Th. Conclusions: At least two different and distinct structures for J π = 0 + states are present in the actinides. These are pairing states and states with enhanced octupole correlations. We have shown that it is crucial to consider negative-parity single-particle states being admixed to some K π = 0 + 2 rotational bands to understand the α-decay hindrance factors and enhanced E1-decay rates. Based on our analysis, we have identified the double-octupole or α-cluster K π = 0 + candidates from 224 Ra to 240 Pu.
I. INTRODUCTION
During the last decade renewed interest to study the octupole degree of freedom in atomic nuclei and, especially, in the actinides has grown, see, e.g., Refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and references therein. Many of these experimental and theoretical studies were triggered by the observation of the enhanced B E3; 3
value of 42(3) W.u. in 224 Ra which, in combination with an alternating-parity band at low energies, was interpreted as clear signature of static octupole deformation in the ground state of this nucleus [2] . Strong octupole correlations are expected and observed in many actinide nuclei owing * spieker@nscl.msu.edu ; present address: NSCL, 640 South Shaw Lane, East Lansing, MI 48824, USA the fact that the Fermi surface for both protons and neutrons lies between single-particle orbitals differing by ∆j = ∆l = 3, see, e.g., the review article [11] . However, only a few Ra and Th nuclei are considered to show signs of static octupole deformation already in their ground state. For instance, in 240 Pu strong octupole correlations were observed by means of an alternating-parity band at high spins, i.e. J ∼ 20 [12] . Using two-center octupole wave functions in the framework of supersymmetric quantum mechanics, Refs. [13, 14] explained the experimental data as a second-order phase transition from an octupole-nondeformed to an octupole-deformed shape at higher spins. In a consecutive high-statistics "unsafe" Coulomb excitation experiment [15] , the K π = 0 + 2 rotational band of 240 Pu was investigated up to highest spins (J π = 30 + ). Enhanced E1 transitions were observed which deexcited its high-spin members exclusively to the K π = 0 − 1 one-octupole phonon band. Following the concept of multiphonon condensation proposed in Ref. [16] , the experimental observations in 240 Pu were explained in terms of the condensation of rotation-aligned octupole phonons [15] . As a consequence, the K π = 0 + 2 rotational band has been proposed as a candidate for the double-octupole band. This hypothesis was later on supported by the work of Refs. [17, 18] . The new (p, t) data on 228 Th, 232 U and 240 Pu helped to clearly identify the double-octupole J π = 0 + candidates in combination with enhanced E1 transitions measured in previously performed γ-ray spectroscopy experiments [18] [19] [20] . However, the nature of the 0 + 2 states in the eveneven actinides has been controversially discussed for decades [21] [22] [23] [24] [25] [26] . Extensive experimental studies had shown an asymmetry between the population in (p, t) and (t, p) reactions for some actinides [21, 22, 25] . Ragnarsson and Broglia introduced the concept of pairing isomers which should have a smaller neutron pairing gap ∆ n than the ground state itself [23, 26] . These isomers would be present in the case of an inhomogeneity of weakly coupled prolate and oblate levels around the Fermi surface for comparable monopole and quadrupole pairing strengths. The experimental signature of pairing isomers would indeed be large (p, t) cross sections and almost vanishing (t, p) cross sections. We note that these have been recently discussed in 154 Gd [27] . However, Rij and Kahana predicted a negligible population of pairing isomers in single-neutron transfer reactions [23] which was not observed in 240 Pu, i.e. σ 0
≈ 18% [24] . It might, thus, be possible that several configurations coexist at energies around the neutron-2QP energy, i.e. 2∆ n in the actinides. In our previous publication [18] , we have already shown that two different and very distinct structures are close in energy in 240 Pu, i.e. ∆E x = 230 keV. Besides the double-octupole phonon candidate, we identified a quadrupole-type excitation built upon the ground state which did not show the common signatures of the classical β vibration.
In his recent topical review [6] , P. A. Butler pointed out the importance to identify the possible doubleoctupole phonon bands and to clarify the nature of the K π = 0 + 2 bands in the actinides. He stated that the existence of low-lying double-octupole phonon bands in the context of multiphonon condensation might be hard to reconcile with the picture of rigid octupole deformation in the ground state of, e.g., 226 Ra. We already stressed that two-neutron transfer reactions, i.e. (p, t) experiments can provide important information on the pairing character of these states. In a recent global analysis of octupole deformation within the covariant density functional theory (CDFT) [7] , the authors have shown that enhanced pairing correlations can weaken the octupole correlations in the actinides since more spherical shapes are favored. It is, thus, also instructive to study pairing correlations in nuclei with enhanced octupole correlations.
This publication features all the data obtained from the 242 Pu(p, t) 240 Pu experiment performed at the Maier-Leibnitz Laboratory (MLL) in Munich which we will present in Sec. IV. In Sec. V we will mainly discuss possible origins of 0 + states in the actinides and provide strong evidence for the coexistence of at least two different structures. Since it has been recently shown that also α-clustering in the actinides could possibly explain the signatures which are usually attributed to octupole-type excitations [28] , we will comment on these two mechanisms causing reflection asymmetry in the atomic nucleus by studying the negative-parity states in 240 Pu in more detail.
II. EXPERIMENTAL DETAILS
To study 0 + states, see Ref. [18] , and other low-spin excitations in 240 Pu a high-resolution (p, t) study was performed at the Q3D magnetic spectrograph of the MLL in Munich [29] . A 120 µg/cm 2 thick and highly-enriched 242 Pu target (99.93%, T 1/2 = 3.75 × 10 5 years) was provided by Oak Ridge National Laboratory, and was evaporated onto a 25 µg/cm 2 carbon backing. Possible target contaminations were excluded using the measured triton spectra, see the supplemental material [30] . The E p = 24 MeV proton beam impinged onto the 242 Pu target with an average beam current of 1 µA. The ejected tritons were bent to the focal plane detection system of the Q3D magnetic spectrograph, where they were unambiguously selected via dE/E particle identification [31] . The energy calibration of the detection system was done in terms of well-known (p, t) reactions as presented in, e.g., Ref. [32] . Figure 1 shows the excitation spectrum of 240 Pu for the two magnetic settings at 10 • , which have been used to cover excitation energies up to 3 MeV. To unambiguously assign spin and parity to excited states, angular distributions were measured at nine laboratory angles ranging from 5
• to 40
• and compared to the distributions calculated by the CHUCK3 code [33] . Except for the measurements at 5
• (9.3 msr), the maximum Q3D solid angle of 13.9 msr was chosen. This procedure has already been successfully applied to the 232 Th(p, t) • for both magnetic settings, see Fig. 1 (a) and (b) . The individual channels were identified with their respective level energies using a second-order polynomial. Once calibrated, the triton energies for the respective level energies were calculated using the reaction kinematic program CatKin [35] . In this way, a reaction-independent relation between triton energies and channels was found. This procedure allowed the calculation of the triton energies for the reaction 242 Pu(p, t) 240 Pu, which could then be converted into excitation energies in 240 Pu for both magnetic settings, see Fig. 1 [36] , all relevant triton energies were measured. Each magnetic setting typically covers an excitation-energy range of 1.7 MeV, see also Fig. 1 . The accuracy of the energy calibration was cross-checked with well-known excited states in 240 Pu and has a precision of at least 1 keV. Discrepancies arise mainly due to the uncertainties of the Q(p, t) values.
B. Cross sections and angular distributions
The differential cross sections of the 242 Pu(p, t) 240 Pu reaction were measured at nine angles between 5
• and 40
• . Some examples are shown in Figs. 4, 5 and 6, respectively. The differential cross sections were calculated according to equation (1) and corrected for the deadtime of the data-acquisition system, which is well below 10%.
In equation (1) , N(θ) corresponds to the number of tritons measured at a Q3D angle θ, dΩ to the solid angle covered by the spectrograph, and N total to the total number of protons, which were impinging onto the 242 Pu target. The latter was on the order of 10 16 to 10 17 protons for one measurement at a given Q3D angle. This is equivalent to a measurement of about three hours per angle for an average beam current of 1 µA on target. The target thickness F target is calculated with respect to ϑ, which is the angle between the target and the beam axis. This tilting angle is used to minimize straggling effects in the target.
The nearly background-free detection of tritons at the focal plane allowed the determination of differential cross sections as low as 0.1 µb/sr. Combined with the superior energy resolution of the Munich Q3D spectrograph of less than 10 keV, also weakly excited states could be identified in the dense excitation spectrum of 240 Pu, see Fig. 1 . All excited states are given in Table II .
To determine the integrated (p, t) excitation cross section, the differential cross sections were integrated over the covered angular range.
C. DWBA calculations
Direct reactions are expected to take place on a time scale of 10 −22 s. The reaction process, e.g., (p, t) reactions can be described by the Distorted Wave Born Approximation (DWBA) and the optical model. To calculate the differential cross sections, the computer code CHUCK3 of P.D. Kunz [33] was used. The calculations were performed by solving an appropriate set of coupled equations within the program code. The optical potentials as well as particle masses, binding energies and the respective Q values are reaction specific. While performing the calculation the binding energies of the two neutrons are calculated such that they match the respective energies of the outgoing tritons for every considered excited state [37] . It is also possible to calculate multistep processes within the code while the normal DWBA only considers one-step processes. Already in Ref. [38] it was pointed out that multi-step processes may alter the shape of angular distributions. In Ref. [32] it was found that these processes had indeed to be included in the 232 Th(p, t)
230 Th reaction already for the description of the ground-state rotational band members. In general, it is possible to include eight channels into the program's calculations and define their individual coupling to the other channels. Different coupling schemes were used in the analysis. The population of excited states in 240 Pu has been possible by a coupling of inelastic and direct- In most cases, it was not necessary to include all intermediate states when m3a or m4a had to be used. [32, 37] transfer channels, i.e. (p, Fig. 2 . In Ref. [39] even sequential, i.e. (p, d) → (d, t) transfers had to be implemented for low-lying even-and odd-parity states.
Following the common notation of C.M. Perey and F.G. Perey [40] , the optical model parameters are the potentials V r and W 0 for the Volume Woods-Saxon, and W D for the Surface Woods-Saxon parts, as well as V so for the spin-orbit interaction. The subscript "c" indicates an additional Coulomb potential contribution. For a specific realization of the optical-model potential see, e.g., Refs. [39, 40] . The global optical-model parameters used in this work are given in Table I . They are taken from Ref. [41] for the protons and from Ref. [42] for the tritons. The neutron parameters are adopted from Ref. [32, 37] .
An important aspect of the two-neutron transfer cal-culations are the chosen transfer configurations. For a ground-state deformation of β 2 = 0.224 [43] one finds several Nilsson orbitals close to the fermi surface of 242 Pu [44] . The spherical analoges to these orbitals are: 2g 9/2 , 3d 5/2 , 1j 15/2 , 1i 11/2 , and 3p 1/2 In addition, the following orbitals are fairly close: 2g 7/2 , 2f 5/2 , and 1i 13/2 The latter two are especially important to generate negative-parity states as transfer configurations like (3d 5/2 )(2f 5/2 ) are needed for this. In addition, one needs to break with the convention of ∆s = 0 in the (p, t) reaction to describe the excitation of unnatural parity states, i.e. J π = 2 − , 3 + , and 5 + . For these unnatural parity states at least two L transfers are possible. However, depending on the transfer configuration, one might be dominant.
IV. EXPERIMENTAL RESULTS
All experimental information, which has been obtained, can be found in Tables II-IV as well as in Figs. 3-6 . Before discussing some specific states in detail, we will shortly comment on the general strength distribution observed for 0 + , 2 + , 4 + , 6 + , and 3 − states in 240 Pu. As mentioned earlier, the spin-parity assignment is based on a stringent comparison of the experimentally measured angular distributions and the DWBA predictions. In section IV F, the rotational bands will be discussed, i.e. those which were previously known and those which have been recognized in this work. [45] are given in the first four columns. Additionally, the integrated (p, t) cross section and the ratio σexp/σDWBA is shown. The last column highlights the two-neutron transfer configuration and the excitation scheme if multi-step processes had to be added to the DWBA calculations. Tentative spin-parity assignments are given in parentheses. The stated uncertainties are statistical only. (4) 2
The (p, t) cross sections are given in Table II and presented in Fig. 3 . As observed in all well-deformed actinide nuclei [19, 20, 32, 37] , the 0 + ground state is strongly excited in the (p, t) reaction. The (p, t) ground-state cross section is remarkably stable and only relatively little variations are observed, i.e. σ total ∼ 170 µb. In fact, this can be attributed to a little variation in the R 4/2 ratio between target and residual nucleus [46] , i.e. δR 4/2 0.2, and could indicate the stability of quadrupole deformation in the heavy actinides. We will give more details in Sec. V.
The ground-state rotational band members are excited up to J π = 8 + in our experiment. Nevertheless, angular distributions could only be measured up to J π = 6 + . As one can see from Fig. 3 , the cross section is successively decreasing with spin. This fact will later on be used to assign specific excited states to a rotational band. Another interesting observation is the clear gap between the firmly assigned 0 + 4 state at 1115.7 keV and the next firmly assigned 0 + state at 1887.3 keV. The neutron-pairing gap ∆ n is located at about 545 keV in 240 Pu [36] . Therefore, non-collective 2QP excitations are expected above an energy of 2∆ n ≈ 1090 keV, see also Ref. [18] . For J ≥ 2, no gap is observed. Still, it is interesting that the next fairly strongly excited 2 + state is found at an energy of 1934.2 keV (σ total = 12.65(2) µb).
In general, states with unnatural parity are only weakly excited in the (p, t) reaction. Only a few 3 + and 5
+ states could be identified as their bandheads were strongly excited, see Fig. 5 . The only unnatural negative-parity state observed is the
band member. One should additionally note that aside from J π = 3 − states, which are comparably strongly excited via L = 3 transfers, negative-parity states are also weakly excited via the (p, t) reaction. Nevertheless, all previously known K projections of the one-octupolephonon excitation were observed and a new but very tentative candidate for the K π = 3 − projection at an energy of 1550.3 keV is proposed. Furthermore, two 1 − states and rotational band members newly proposed might have been observed at energies of 1540.1 keV and 1807.4 keV, respectively. We will also discuss these states in Secs. IV E, IV F and V.
A. J π = 0 + states 0 + states are strongly excited in the (p, t) reaction. In total 17 excited and firmly assigned 0 + states were observed up to an excitation energy of 3 MeV. In addition, three states are tentatively assigned 0 + states. Their angular distributions are shown in Fig. 4 . All experimental distributions could be described by assuming a direct excitation in the (p, t) reaction. The (2g 9/2 ) 2 and (3d 5/2 ) 2 transfer configurations provided the best description of the angular distributions. The summed relative strength of all 0 + states adds up to 68.45(8) % of the ground-state transfer cross section, which is comparable to the cases of 228,230 Th [19, 32] but slightly less strength than observed in the 234 U(p, t) 232 U reaction [20] .
Note, that prior to this experiment only two excited 0 states were known. These included the proposed doubleoctupole phonon J π = 0 + 2 state at E x = 861.2 keV and the J π = 0 + 3 state at E x = 1090.3 keV. Structure implications for both states have already been discussed in our previous publication [18] and will be further discussed in Sec. V. We want to comment on two specific excited states which were previously discussed to be possible 0 + states.
keV:
In Refs. [47] [48] [49] [50] a state at an energy of 1410.75(11) keV was controversially discussed. Ref. [49] interpreted it as being the bandhead of a two-phonon octupole vibrational band with an energy of E(twophonon) ≈ 2·E(one-phonon) and, consequently, assigned K π = 0 + . Additional evidence came from a 2 + state at 1438.5 keV on top of it and, thus, a rotational band with a MoI close to the one-phonon octupole vibrational band. In addition, Schmorak et al. observed only E1 transitions which depopulated these two states to the one-phonon octupole vibrational band [49] .
Furthermore, these states were not populated in single-neutron-transfer reactions. In Ref. [48] , the assignment was rejected due to new neutron capture data and a K π = 0 − assigment was proposed for the state at 1410.8 keV, as well as a J π = 2 − assignment for the state at 1438.5 keV. Microscopically, these two states were interpreted as proton-quasiparticle excitations built mainly out of the [642 [50] excited a state at 1407(3) keV which the authors attributed to the two-phonon octupole band reported in Ref. [49] . A state at 1407.5(6) keV was also excited in our (p, t) experiment with a relative strength of σ/σ 0 Table II . Compared to the other 0 + angular distributions of Fig. 4 , a different shape was observed. Therefore, a K π = 0 − assigment might be favored. Despite this, it is questionable if this excited state is indeed the proposed proton-quasiparticle excitation of Ref. [48] , which should in first order not be excited in a two-neutron transfer. Instead, based on our data a spin-parity assignment of J π = 5 − is proposed and the state is recognized as a possible bandmember of the K = 2 one-octupole phonon projection. It is very likely that this state corresponds to the state which was also excited in the (d, d
′ ) experiment of Ref. [50] . A strong argument for the K π = 0 + assignment of Schmorak et al. [49] was the observation of a 2 + state above this proposed 0 + state as mentioned earlier. In our (p, t) experiment, an excited state at an energy of 1441.4 keV with an integrated cross section of 2.489(9) µb was observed. It is described well by a single-step transfer to a 2 + state, see Table II and Fig. 5 . Therefore, a J π = 2 + assignment is strongly favored. However, its larger cross section is in conflict with the expectation of a decreasing cross section within a rotational band. Consequently, the band assignment of this 2 + state to the state at 1407.5 keV is questionable and should be dropped.
The previously tentatively assigned 0 + state was adopted at an energy of 1525.86(8) keV [45] . The population and the decay of this state has been observed in the β − decay of the 7.22 min J π = (1 + ) isomer of 240 Np [48] and in the 239 Pu(n,γ) capture reaction with neutrons of 2 keV [51] . In Ref. [45] , a tentatively assigned J π = 2 + state at an energy of 1558.85(5) keV is listed as its rotational bandmember. This 2 + assignment is in conflict with the new (p, t) data which favors a J π = 6 + assignment for a state at an energy of 1559.0(1) keV. This 6 + state will be discussed later on. Nonetheless, it cannot be excluded by the (p, t) data that the weakly excited state at 1528.6(6) keV is indeed a 0 + state. A fair agreement with the experimental angular distribution has been achieved with a two-neutron transfer configuration of (2g 7/2 ) 2 in a single-step transfer. However, the agreement is still poor compared to other 0 + states, see Fig. 4 . It should be mentioned that the deviation between the observed and listed level energy is quite large. The observation of such a large deviation is rare in the present (p, t) study. Therefore, it might also be possible that the state's weak excitation hints at a spin-parity assignment different from 0
+ . The present data favor a J π = 5 + assignment, see Fig. 5 . In addition, the state might belong to a K π = 4 + rotational band at an energy of 1456.5 keV, see Table III .
In total, 28 excited 2 + states were firmly identified. In addition, there are nine tentatively assigned 2 + states up to an energy of 3 MeV. Previously, most known states in 240 Pu were either firmly assigned 2 + states or a possible spin-parity assignment of (1, 2 + ) was listed [45] . The states were mostly observed in neutron capture reactions [45, 51] and the β decays leading to 240 Pu [47, 48] . In our study, the 2 + assignments were confirmed for almost all states listed in the Nuclear Data Sheets [45] . Some angular distributions and corresponding DWBA calculations are shown in Fig. 5 . In contrast to the 0 + states, multistep processes had to be included for several states. These have been highlighted in Table II and Fig. 5 with their excitation scheme and the transfer configurations. Several two-neutron transfer configurations were used allowing for a good agreement with the experimental data.
keV: The first 2
+ state, which is not a rotational bandmember of a K π = 0 + band, has been identified at an energy of 1138.1(1) keV. Due to the excellent energy resolution of the experimental setup, it has been possible to separate both 2 + states at 1131.9(1) keV and 1138.1(1) keV unambiguously. According to the classical picture of quadrupole vibrations in deformed nuclei, one might expect that this state is the γ-vibrational state. Indeed, in Ref. [47] it has been proposed as such. Unfortunately, no B(E2) value has been measured up to now and, thus, a definite statement is not possible. Both 2 + states at approx. 1.1 MeV are strongly excited in the (p, t) reaction, see Table II . Thus, no classification in terms of the (p, t) cross section is possible. In Ref. [45] two rotational bandmembers at energies of 1177.63 keV (J π = 3 + ), and 1232.46 keV (J π = 4 + ) are listed, which both have tentative spinparity assignments. While for the latter the spin-parity assignment is confirmed, the assumption of a doublet [45] at an energy of roughly 1177 keV might be confirmed. Table II and Fig. 5 . This is a fact, which was in its extent unexpected due to the experience with previous (p, t) studies in 228,230 Th [19, 32] but, however, multistep excitations were also observed for the case of 232 U [20] . Nevertheless, it has been possible to assign 30 4 + states out of which twelve are firmly and 18 tentatively assigned, respectively. Two of these states have been proposed as K π = 4 + rotational bandheads, see Tab. III. Many other are bandmembers of K π = 0 + or 2 + rotational bands, respectively.
keV:
The state at 1077.2(1) keV is recognized as rotational bandmember of a K π = 3 + neutron QP-band [47] whose bandhead is found at an energy of 1033.3(5) keV in our experiment, see Fig. 5 . While the 5 + state of this band is not observed, the tentatively assigned and also strongly excited 6 + member is observed at an energy of 1202.8(2) keV.
The total (p, t) cross section of the 4 + state at 1575.5(1) keV is remarkable (σ total = 17.48(2) µb). It is recognized as the seventh strongest excited state. In the (p, t) studies of Maher et al. it has been observed for the first time [21] . The (d, d
′ ) experiment of Thompson et al. excited this state as well and a rather strong excitation was observed [50] . However, none of them was able to assign a spin. Even though, multistep processes had to be considered, the experimental as well as the DWBA angular distribution clearly reflect the shape of a positive-parity L = 4 transfer. Furthermore, a rotational band built upon this 4 + state is observed.
Its newly assigned 5 + and 6 + bandmembers are located at 1638.6(6) keV and 1723.5(1) keV, respectively. The 6 + state is the second strongest excited 6 + state, see Table II 
The excited state at 1774.8(1) keV does not belong to any rotational band nor any rotational bandmembers have been found. Previously, a state at an energy of 1775.27(15) keV was experimentally observed. Due to its observation in β decay [47] and neutroncapture reactions [51] , it has been assigned J π = (1 − ). It is unlikely that the current (p, t) study populated the same state since a strong population of a 4 + state in neutron capture has not been observed in 240 Pu [51] . Therefore, it is assumed that this firmly assigned and strongly excited 4 + state (σ total = 12.28(2) µb) has been seen for the first time. Table III .
Besides the J π = 6 + state of the ground-state rotational band and the tentatively assigned J π = 6 + state of the K π = 0 + 2 rotational band, no 6 + state is listed in the Nuclear Data Sheets [45] . While the latter is not observed in the current (p, t) study due to the proximity to the strongly excited J π = 2 + states of the K π = 0 For all excited 6 + states it was necessary to add multistep excitation to the DWBA calculations. Here, different two-neutron transfer configurations for the direct population (single-step process) and the indirect populations (multistep processes) had to be considered. In Fig. 5 , this is highlighted by two transfer configurations, where (j 1 )
2 is the configuration of the direct and (j 2 )
2 of the indirect population of the respective state. This procedure had to be used to reproduce the experimental angular distribution of the well-known 6 + ground-state bandmember at 293.5(6) keV as well as for the 3 + and 5 + states shown in Fig. 5 .
The most strongly excited 6 + state (σ total = 12.23(2) µb) is observed at an energy of 1202.8(2) keV and has been newly assigned to the strongly excited K π = 3 + neutron-quasiparticle band at 1033.3(5) keV [47] , see Table III . Previously this state had been populated in a (d, d
′ ) experiment [50] but no spin and parity could be assigned.
The J π = 6 + assignment to the state at 1375.0(6) keV proposed in Ref. [52] by means of the 
The state at an energy of 1559.0(1) keV could not be assigned to any rotational band. Nonetheless, it has a comparably strong cross section of 4.033(11) µb and is, despite the general problem for all 6 + states, perfectly fitted by a positive-parity L = 6 transfer. As already discussed in Sec. IV A, a state at an energy of 1558.87(5) keV with a spin-parity assignment of J π = (2 + ) was observed, which was also an assigned bandmember of a tentative K π = 0 + band at 1525.86(8) keV [45] . In Sec. IV A it has already been pointed out that this band assignment is very likely to be wrong. The main reasons are found to be the very different excitation cross sections as well as the contradicting spin-parity assignments, see Figs. 4 and 5. Nonetheless, due to its observation in the 240 Np β − decay of the 7.22 min J π = (1 + ) isomer and its population in a neutron capture reaction with neutron energies of 2 keV [45] , there is certain doubt that a 6 + state has been populated in this former studies. By now, it has to be assumed that two different levels have been observed.
E. Negative-parity states
The different K projections of the one-octupole phonon excitation have also been observed. The respective bandmembers are presented in Table IV and Fig. 6 . The new but tentative assignment of the K π = 3 − projection is supported by its derived MoI which is comparable to the other K projections. Note that it is only based on two states observed for this band. Furthermore, despite the K π = 0 − projection the MoI are rather close to the one of the proposed
double-octupole phonon band [15, 17, 18] .
An angular distribution for the proposed 2 − bandhead could not be measured due to its unnatural parity, which resulted in a very small (p, t) cross section. However, at a laboratory angle of 20
• , which is the expected peak of its angular distribution, a differential cross section of 0.3(1) µb/sr was measured. The energy of 1241.8(6) keV is very close to the adopted energy of 1240.8(3) keV [45] . If the K π = 2 − 1 bandhead is assumed to be correct, then a J π = 5 − state is found at an energy of 1407.5(6) keV which fits into the rotational band, see Fig. 7 and Table IV. It is, thus, proposed to recognize this rotational sequence as the K π = 2 − one-octupole phonon projection.
A candidate for the K π = 3 − oneoctupole phonon projection is newly proposed with its bandhead at an energy of 1550.3(6) keV. On top of it, a J π = 5 − state is observed at an energy of 1669.5(9) keV. As already the bandhead is weakly populated, the total cross section of this state is even smaller which might explain the differential cross section at an angle of 25
• as this is completely off. Neglecting the differential cross section at this angle would result in a total cross section of roughly 0.5 µb. Besides this deviation, the negative-parity L = 5 transfer matches the experimental angular distribution. The proposed K = 3 bandhead of Ref. [47] at 1675 keV was also observed in (d, d ′ ) but no spin assignment had been possible [50] . In the our (p, t) experiment a state at an energy of 1674.1(4) keV with a total cross section of 1.86(2) µb is observed. A single-step positive-parity L = 2 transfer with a two-neutron transfer configuration of (3d 5/2 ) 2 matches the experimental distribution well, see Fig. 5 . Therefore, a J π = 3 − assignment should be dropped. Instead, a spin-parity assignment of J π = 2 + is favored. We do already note that the most strongly excited 3 − state above the K π = 2 − , J π = 3 − state is experimentally observed at 1973.5 keV, see Fig. 3 . The IBM calculations which will be discussed in Sec. V expect the K π = 3 − bandhead at an excitation energy of 2013.5 keV. Further experiments will be needed to identify the K π = 3 − one-octupole phonon band unambiguously.
Additional negative-parity states:
An additional K π = 0 − negative-parity rotational band is observed at 1540.1(1) keV with R(E1) 2 Table II . A second 1 − state is found at an energy of 1807.4(2) keV which has also been recognized in earlier studies and is listed with a spin-parity assignment of (1 − , 2 + ). The current study favors a spin-parity assignment of 1 − . A tentative J π = 5 − state is found at an energy of 1967.2(13) keV. If they are assumed to be the members of a K = 1 band, a MoI of 3.4 × 10 6 MeV fm 2 /c could be derived. Its J π = 3 − state is presumably not observed due to strongly excited 0 + and 4 + states at its expected energy. Above this very tentative K = 1 band, three additional states with a possible 3 − assignment are observed at energies of 1919.5(6) keV, 1973.5(1) keV and 2835.5(4) keV. Compared to the one-octupole phonon 1 − states, the states at 1540.1(1) keV and 1807.4(2) keV are rather strongly excited with total cross sections of 2.584(9) µb and 1.298(8) µb, respectively. Their (p, t) strength is inverted with respect to the one-octupole phonon projections.
F. The identification of rotational bands
Having an R 4/2 ratio of 3.31 and a very collective B(E2; 2 + 1 → 0 + 1 ) value of 287(11) W.u. [53] , 240 Pu is expected to feature rotational bands. In addition to the ground-state rotational band, several of such sequences of excited states are observed in 240 Pu, see Fig. 7 . These can be described by the simple rotational formula: Here, I denotes the moment of inertia (MoI), K the projection of the bandhead's total angular momentum onto the symmetry axis, J the spin of the respective bandmember, and E K corresponds to the excitation energy of the bandhead. Thereby, a rotational band is unambiguously identified by the energy E K of its bandhead and its respective K quantum number. Within a rotational band its members share the same MoI and only "smooth" variations of its value with increasing spin are observed, emphasized by the straight lines in Fig. 7 . A sequence of states has been accepted as a rotational band, if the DWBA yielded the spin-parity assignment in order to accept a given state as a rotational bandmember, if at least three bandmembers were identified, and if a decrease of the total cross section with increasing spin was observed, see also Fig. 3 for the K π = 0 + 1 rotational bandmembers. In the latter case, small deviations were excepted as multistep processes could alter the total cross section. In Table III , these states are marked with "a". However, we want to stress that the criterium of a decreasing cross section with increasing spin is already violated by the uniformly strong population of the respective negative-parity J π = 3 − rotational bandmembers. Furthermore, the small (p, t) cross sections of the unnatural-parity states point out that the reaction might be configuration and L transfer sensitive. In general, mixing effects, centrifugal stretching as well as band crossing at higher spins can alter the moments of inertia [54] . However, at low spins and in the absence of mixing it might be expected that the MoI hints at the intrinsic structure of a rotational band since it is directly linked to the excitation's intrinsic shape. The moments of inertia derived for positive-and negative-parity rotational bands are given in Tables III  and IV, respectively. The largest MoI previously known is observed for the K π = 0 − projection of the one-octupole phonon excitation, i.e. 3.69(5) · 10 6 MeV fm 2 /c 2 . The rotational band has already been studied up to highest spins [12, 15] . Below the 2QP energy, the K π = 0 + 2 rotational band has the second largest MoI, i.e. 2.93(2) · 10 6 MeV fm 2 /c 2 , see also Ref. [15] . As already mentioned, this rotational band was discussed to be of double-octupole phonon nature, see Refs. [15, 17, 18] . In fact, it was speculated before whether these large moments of inertia could be attributed to double-octupole phonon excitations, see, e.g., Refs. [19, 20, 32] . Certainly, the K π = 0 + 2 MoI is larger than the the corresponding ground-state band as well as the K π = 0 + 3 MoI, see Table III .
Above an energy of 1.6 MeV moments of inertia are observed which are well below the one of the groundstate band. Note that the excitation energies of these rotational bands are above the "excitation" gap which was observed for the 0 + states, see Fig. 3 . Table IV . The negative-parity rotational bands observed in 240 Pu by means of the (p, t) reaction. The K projection and the energies of the bandmembers in keV as well as the moments of inertia derived are given. "−" indicates that these states have not been observed in the present experiment. The K = 3 band is only tentatively assigned. As already mentioned in the introduction, the structure of excited 0 + states in rare-earth nuclei and in the actinides has been controversially discussed for decades. A few specific structures were discussed in depth, which were pairing-isomeric states, quadrupole-type excitations, double-octupole phonon excitations, α-cluster structures, as well as the 2QP pairing vibrational state and non-collective 2QP excitations. The 2QP excitations are expected above an energy, which is twice the energy of the neutron-pairing gap ∆ n , i.e. 2∆ n ≈ 1090 keV in 240 Pu. States below this excitation energy might, thus, be of rather pure collective nature. The neutron-pairing energy ∆n was calculated from the odd-even mass differences [36] . Except for 240 Pu, the data are from Refs. [19, 20, 32, 37] .
In our previous study [18] , we have already identified the 0 + 2 state at 861.2 keV as the double-octupole phonon 0 + state in 240 Pu, i.e. N pf = 2 in the IBM. The identification was based on a stringent comparison of its known γ-decay properties, i.e. E1/E2 ratio and E0 transition to the ground state, as well as its (p, t) cross section to the corresponding quantities predicted by the spdf IBM. We have also shown that the 0 + 3 state both experimentally and theoretically does exhibit very different γ-decay properties and that it corresponds to a quadrupole-type excitation, i.e. sd state in the IBM but not the conventional β vibration as defined by its decay properties. Furthermore, we emphasized that in all actinides rather strongly excited 0 + states (σ i /σ 0 + 1 ≈ 5 − 10 %) were observed at excitation energies of E x ≈ 2∆ n , see Fig. 8 . In fact, these states might correspond to the 2QP pairing vibrational states. Above this energy and without any further experimentally measured observables, one might only speculate about the nature of the 0 + states and, therefore, a comparison to theory is needed.
First, we will compare our experimental data to the predictions of the spdf IBM. The following Hamiltonian was used,
and its parameters were determined to describe the low-spin members of the ground-state as well as K π = 0 (5) casimir operator are set to 0.015 and 0.014 MeV, respectively. In the quadrupole operatorQ spdf , χ sd equals -√ 7/2 and χ pf has been set to -1. As in previous IBM studies of the Pu isotopes [55] and for consistency, the boson number N B = 15 was counted with respect to the proposed neutron-subshell closure at 164.
A comparison of all experimentally firmly assigned 0 + states with the predicted excited states of the spdf IBM and the corresponding collective structure is presented in Fig. 9 . We should note immediately that one cannot expect to reproduce the complete experimental spectrum since certain states will be outside of the model space of the spdf IBM. However, as already stressed in our previous publication [18] , two 0 + states are predicted close to the 2QP energy. One is the double-octupole phonon state (red dashed line), the other a quadrupole-type excitation (solid black line). The pronounced energy gap between these two 0 + states and the next excited 0 + state is observed experimentally and theoretically.
In previous publications, it has been speculated whether one could use the moments of inertia derived for the rotational bands to discriminate between different underlying structures [19, 20, 32] . An inspection of Fig. 9 reveals that the energy spacing between states of the K π = 0 one-octupole phonon band is 4.2 × 10 6 MeV fm 2 /c in the model. This value corresponds to an agreement in terms of excitation energies for the 1 − and 3 − which is as good as 1 %, and a deviation for the 5 − state which is less than 5 %. Note that within the IBM, bandmembers are identified in terms of E2 transitions between them and by an increase of n d with angular momentum [54] .
To study the uniqueness of the MoI-based identification, we had a look at the rotational bands built upon the 0 The number of 0 + states and the (p, t) cross sections have been discussed to be sensitive measures of general nuclear structure evolution, see, e.g., Refs. [46, 58, 59] . In fact, the strength pattern for the first three 0 + states in 240 Pu is as expected from Ref. [46] since δR 4/2 < 0.1. Predictions for the evolution of the corresponding matrix elements with boson number around the phase-transitional point towards stable quadrupole deformation were given in Ref. [59] . The experimental cross sections σ(p, t) for the actinides studied are presented in Fig. 10 (a)-(f ) . Discontinuities of the observables are expected at the critical point [59] . These are observed for all (p, t) observables at N B = 11, i.e.
230 Th, despite One might, thus, claim that the phase transition from U (5) to SU (3), i.e. to stable quadrupole deformation following Ref. [59] takes place between N B = 10 and N B = 12 in the actinides. That is between nuclei with R 4/2 ratios of 3.23 and 3.29, which seems odd. We note that both the quadrupole and octupole phase transition have been studied theoretically in the lighter actinides, i.e. Ra and Th isotopes using the deformation-constrained EDF-IBM mapping approach [3, 60] . Here, the theoretically predicted quadrupole phase transition seems to occur at N B = 8, i.e.
224 Th (R 4/2 = 2.9), compare Fig. 1 of Ref. [3] . The same critical point is theoretically observed in the Ra isotopes. These are also the actinide nuclei which are frequently discussed in terms of stable octupole deformation, see, e.g., Ref. [2, 3, 11] . Past the expected phase transition at N B = 8, the evolution of the B(E2; 2 + 1 → 0 + 1 ) strength might also change its slope, see Fig. 10 (g) , as expected from Ref. [59] . Here, a kink in the evolution of the quadrupole equilibrium deformation β e is predicted near the U (5) → SU (3) transition.
Interestingly, a clear minimum of E(0 + 2 ) is observed at N B = 11, see Fig. 10 (h) . Usually, such a smooth evolution of the energy of an excited 0 + state has been interpreted as a signature of shape coexistence, see, e.g., Ref. [61] for a recent review. We also pointed out in our previous publication [18] that close-lying excited 0 + states are observed in some actinides and could hint at the existence of double-octupole phonon states. To show that the structure of the 0 + 2 states seems to be changing in the actinides, we have compiled the (p, t) cross-section ratios R (5
which are normalized to the corresponding ground-state ratio in Tab. V. The double-octupole phonon candidates proposed in 228 Th [19] , 232 U [20, 62] and 240 Pu [15, 18] have ratios with R < 2. They show distinctly different [19, 20, 32] . Uncertainties are less than 10 %. (p, t) angular distributions than the corresponding thirdor second-excited 0 + state, compare, e.g., Fig. 4 . To shed some more light on the structure of the 0
states and a possible connection to the negative-parity states, we compiled the adopted α-decay hindrance factors HF(0 
B(E2; strongly hindered. We note that a favored transition in even-even nuclei would have an HF value of smaller than unity given the definition of the hindrance factor, compare Ref. [63] . P. van Duppen and M. Huyse introduced a schematic two-level mixing in both the mother and daughter nucleus to explain a possible origin of large α-decay hindrance factors in the neutron-deficient Po and Rn isotopes [63] . Here, they considered the normal proton configurations, i.e. π(2p-0h) and π(4p-0h), and additionally the corresponding proton two-particle-two-hole (2p-2h) intruder configurations, i.e. π(4p-2h) and π(6p-2h). For a certain mixing of the normal and intruder states in either both nuclei or just one of them, large HF values would be expected. Fig. 11 indicates that the same idea might apply to the neutron-rich side of the actinides. As mentioned earlier, 2p-2h excitations of a certain species are expected above twice the energy of the pairing gap, i.e. 2∆ p,n . These energies calculated from the odd-even mass differences are shown in Fig. 11 (a) and (b) . The difference of both quantities shifted by one in N B is given in panel (c) supporting the idea that resulting configurations will be observed in the next, i.e. N ν + 1 nucleus. The first time this difference is zero, coincides with the minimal energy of the 0 + 2 state in 230 Th, i.e. N B = 11, see Fig. 10 (h) . Strong mixing of the corresponding π(2p-2h) and ν(2p-2h) states is, thus, expected in this nucleus and would result in a lowering of one of the resulting final states while the other would be pushed up in energy. Interestingly, a comparably large energy-separation of the 0 + 2 and 0 + 3 states was observed in 230 Th supporting this scenario, see, e.g., Refs. [18, 32] . We finally note that P. van Duppen and M. Huyse showed that an admix- A similar scenario could, therefore, also apply to the hindered α-decay to the 1 − 1 state. Recent calculations using covariant density functional theory (CDFT) suggest that 230 Th is still octupole-deformed while 234 U is octupole-soft in its ground state [7] . The 2p-2h excitations of ∆l = ∆j = 3 character, i.e. octupole excitations are more strongly admixed to the ground state of 230 Th than to 234 U. The explanation for the strong HF(1 − 1 ) at N B = 11 might, thus, also be found in terms of octupoletype admixtures to the ground states.
While for 230 Th both HF(0 244 Cm to 240 Pu α-decay, respectively. It is tempting to interpret the observation in terms of the local minimum of ∆ n for 240 Pu, see Fig. 11 (b) . However, we consider a scenario founded on the octupole degree of freedom and on the ground-state structure of 240 Pu to explain the experimental observations.
240 Pu is located in the second octupole minimum, see also Fig. 10 (i) . Even though 240 Pu is considered octupole-soft in its ground state, the recent CDFT calculations indicate a gain in binding energy due to octupole deformation in contrast to 236 U [7] . It might be this additional admixture to the ground state of 240 Pu which hinders the α-decay to the 0 + 2 state of 236 U. Indeed, if there is an octupole admixture to the ground state of 240 Pu one might expect that the α-decay to the 1 − 1 state of 236 U is less hindered. At the same time, the second octupole minimum is rather localized at N = 146 [7] . Therefore, the ground state of 244 Cm is not expected to show enhanced octupole correlations. We note that no functional considered in Ref. [7] predicts a gain in binding energy due to octupole deformation beyond N = 146. Consequently, it might be these missing correlations in the ground state of 244 Cm which could explain the HF(1 − 1 ) observed in the α-decay to 240 Pu and the evolution of the octupole correlations in general which might cause the observed hindrance factors. We note that this interpretation is in line with Ref. [66] where HF's were discussed to be sensitive measures of reflection asymmetry in the Ra and Th isotopes. Unfortunately, no experimental data is yet available to calculate the polarization effect due to the odd particle close to 240 Pu mentioned in Ref. [66] . Still, the α-decay of the odd-even nuclei might shed some additional light.
The ground-state spins J [67] . The first originates from the spherical 1j 15/2 orbital and the latter from the 3d 5/2 orbital. The ground state to ground state transition is hindered with an HF of 34. On the contrary, the decay to the 1/2 + state at 145.5 keV is the most favored transition with an HF of about 2.6 [67] . Here, we clearly see the influence of the configurations involved on the α-decay hindrance factors. In the scenario of a parity-mixed state, i.e.
Ref. [66] , and in the absence of pronounced reflection asymmetry the α-decay between the states of the same parity will be favored, which is exactly what was observed above. We note that for the α-decay of 237 Pu to 233 U the transitions to the low-lying 7/2 − at 320.8 keV and 503.5 keV are the most favored [53] .
We now want to combine the information on the possible Nilsson orbitals to arrive at a consistent picture for 240 Pu. Fig. 10 (k) . The α-decay observables might, thus, further support the double-octupole interpretation of the 0 + 2 in 240 Pu.
As mentioned earlier, another interpretation of the K π = 0 + 2 band's structure based on α-clustering was recently published and the enhanced E1 decay rates could be reproduced nicely [28] . In this work, the 0 + 2 state corresponds to the lowest excitation in the mass-asymmetry coordinate ξ. We note that, possibly, this interpretation could also provide a qualitative understanding of the α-decay hindrance factors in 240 Pu. Before α-decay of 244 Cm to 240 Pu will take place, the dinuclear system of α-particle and 240 Pu exists. The heavier fragment can be in different rotational states of its ground-state band. If reflection asymmetry is already present in the ground-state band, α-decay to negative-parity states will be less hindered. In fact, this is observed in Fig. 10 (l) for α-decays leading to daughter nuclei with signs of reflection asymmetry in their spectra, e.g., nuclei with N B ≤ 9. At the same time, this interpretation would indicate that reflection asymmetry in the ground state of 230 Th and 240 Pu is not pronounced since larger HF(1 − 1 ) values are experimentally observed. Clearly, the minimum at N B = 13 and 14 should be explained as well if this interpretation is correct. A hindered α-decay to the 0 + 2 state would be expected since it does not belong to the ground-state band. The fine structure observed does, however, indicate that the microscopic structure of the states as outlined above needs to be considered.
B. Octupole excitations or α-clustering?
Already in the previous section and introduction, we have stressed that reflection asymmetry is the origin of low-lying negative-parity states. However, this reflection asymmetry could either be caused due to the octupole degree of freedom or due to mass-asymmetry, i.e. α-clustering. Both interpretations can describe the low-lying excitation spectra and γ-decay observables observed for the states of the K π = 0 − 1 and 0 + 2 rotational bands, see, e.g., Refs. [18, 28, 55] and Fig. 12 . Therefore, further observables are needed to distinguish between the two origins of reflection asymmetry in the actinides.
As mentioned earlier, a tentatively assigned K π = 0 − rotational band has been observed at 1540 keV with a MoI of 3.80(6) · 10 6 MeVfm 2 /c 2 , see Table IV 
In
152 Sm, such γ-decays were indeed observed and interpreted as new signatures of shape coexistence [69] . However, these γ-decays have not been observed so far for the 1 − states seen in our (p, t) experiment at 1540 keV and 1807 keV [53] . Interestingly, for a tentatively assigned 1 − at 1608 keV, which was not observed in our experiment, the γ-decay to the 0 + 3 state has been detected [53] . As already indicated, the 1 − 3 IBM state has a three-octupole phonon structure and, consequently, strong decays to the double-octupole phonon K π = 0 The E1 decay rates are the most promising signatures to distinguish between the different structures. Unfortunately, no experimental level lifetimes are available to quantify the reduced transition strengths of the γ-decay branches mentioned. However, to obtain a clearer picture we had a closer look at the partly known γ-decay behavior of these states which is shown in Table VI . Here, we compiled the E1 decays to the members of the groundstate rotational band and the E2 decays to the members of the K π = 0 − 1 rotational band to calculate the B(E1)/B(E2) ratios:
[10
Up to now the 1 − state at 1540 keV seems to be the only excited state which exhibits fast E1 decays to the ground-state band. None of the theoretically predicted states below 2 MeV does show a similar γ-decay behavior. Therefore, this state seems to be out of the scope of the present calculations and its possible non-collective nature might also be the reason for its comparably large (p, t) cross-section. Furthermore, the nature of the also strongly excited state at 1807 keV remains unclear. An observation of the γ-decays to the 0 + 2 , 0 + 3 state or other states might provide further clues about its structure. In contrast to the aforementioned enhanced E1 decay rates of the 1540 keV 1 − state, the state at 1608 keV does show more hindered E1-decay rates. Besides that the specific value differs by about three orders of magnitude, small R E1/E2 ratios, i.e. hindered E1 decays to the ground-state band are also predicted by the IBM. The scenario mentioned above might, thus, be possible. We note that both models, i.e. the α-cluster model of Ref. [28] and the spdf IBM predict B(E1; 1 It has to be mentioned that the intraband B(E2) values of Band E in the α-cluster model might be overestimated which could also explain the small predicted B(E1)/B(E2) ratios. Presently, the intrinsic structure of the core, i.e. the single-particle structure is the same for all excitations in the mass-asymmetry coordinate. This is a good approximation for states built on the same excitation in this coordinate. However, it is expected that the single-particle structure of states built on the lowest and excited states of the mass-asymmetry coordinate will be different. A different single-particle structure could 
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a not observed in the present (p, t) experiment lead to a reduction of the B(E2) strengths while the E1 transition strengths would be almost unaffected.
B(E1) strength above 2 MeV has been measured by means of the nuclear resonance fluorescence (NRF) technique [70] . Unfortunately, only strength between 2 MeV and 3 MeV has been reported which does not allow for a very stringent comparison to the predictions of the IBM. To get an idea of the missing strength, the experimental [70] . No parities were determined in Ref. [70] . Thus, some of the J = 1 states will likely have a positive-parity assignment. For comparison, the experimentally determined running sum of B(E1; 0
− states in 238 U up to 4.5 MeV (blue dashed line) is also presented [71] . No clearly resolved strength is observed above this energy since the level density is too high. Missing strength of about 60 · 10 −3 e 2 fm 2 up to the neutron-separation threshold was estimated. The E1 strength predicted by the IBM is shown as well (fine-dashed red line). (b) the np/n f ratios as predicted by the spdf IBM. States with np/n f > 1 correspond to dominant α-cluster 1 − states [72] . data on 238 U was added to Fig. 13 which shows a comparison of the experimental data to the IBM strength. As in our previous studies [18] [19] [20] 72] , the one-body E1 operator was used:
Its parameters were set to e 1 = 0.018 eb 1/2 , χ sp = 0.11 and χ df = −0.22. These parameters simultaneously provide a good description of the E1 γ-decay ratios observed for the low-spin members of the K π = 0 at 2238 keV and 3221 keV, respectively. In two of our previous publications, we have shown that states with n p /n f > 1 might be connected to α-clustering in rareearth [72] and A < 100 nuclei [73] . The E1 strength built upon the ground state in the actinides might as well be generated by the p-boson, i.e. α-clustering. Of course, the strength predicted by the IBM is far less fragmented than the experimental strength, see Fig. 13 (a) . Still, the IBM does predict several 1 − states, compare Fig. 13 (b) . Obviously, the different configurations are far more mixed than anticipated by the present calculations.
We may conclude that enhanced E1 transitions between the ground state and any 1 − state are triggered by the (s †p + p †s ) (1) part of the one-body E1 operator. The possible shortcomings of the spdf IBM to describe R E1/E2 below 2 MeV might, thus, have two reasons. One reason could be that the p-boson admixture, i.e. α-cluster admixture to the low-lying 1 − states is currently underestimated. The dominant p-boson state at 2238 keV did indeed exhibit enhanced E1 decay rates, see Table VI . Interestingly, the R E1/E2 ratios predicted by the α-cluster model of Ref. [28] might also appear too low. Furthermore, it might be necessary to consider higher-order terms for the E1 operator. By definition, no enhanced E1 transitions to the ground state are presently expected for states with little p-boson admixture or pronounced multiphonon structure, e.g., a three-octupole phonon state. We note that the dipole term mentioned in Refs. [18] [19] [20] 55] which introduces an admixture of negative-parity bosons to the ground-state band does not alter this statement.
As already stressed above the (p, t) cross section σ (p,t) of the 1540 keV state is larger by a factor of about five compared to the K π = 0 − 1 , J π = 1 − 1 state. The (p, t) cross sections of all 1 − states observed in the actinides are shown in Fig. 14 (a) . In addition, the centroid energies have been calculated, see Fig. 14 (b) . At least four observations are interesting regarding the previous discussion. First of all, σ (p,t) for the J π = 1 [19] . And the fourth point, a discontinuity is once again observed at N B = 11, see Fig. 14 (b) . Unfortunately, no γ transitions of the 1594 keV state in 230 Th have been measured up to now [53] . The present data and the similarity to 240 Pu do, however, suggest that this 1 − state might also show enhanced E1-decay rates.
VI. CONCLUSION
A high-resolution (p, t) experiment using the Q3D spectrograph was performed to study low-spin states in 240 Pu up to an excitation energy of 3 MeV. In total 209 excited states were identified and many of these were seen for the first time. To assign spin and parity to the states, angular distributions were measured and compared to the predictions of coupled-channels DWBA calculations. Several rotational bands built upon the low-lying bandheads excited in our experiment were also identified and their moments of inertia could be calculated.
In this publication we have discussed the origin of J π = 0 + and negative-parity states in detail using presently available experimental data on these states in 240 Pu. As in our previous work [18] , we have pointed out that considering negative-parity single-particle states being admixed to the K π = 0 + 2 band is crucial to understand the experimental observables. To clarify whether the octupole degree of freedom or α-clustering are causing the enhanced E1 decays, we also took a closer look at the α-decay hindrance factors measured for the 0 + 2 and 1 − 1 states in the actinides. However, both mechanisms provide reasonable explanations of the HF's. These observables also emphasize the importance to further understand the evolution of negative-parity 239 Pu → 237 Pu) would correspond to a l = 3 angular distribution while the other transfer would correspond to a l = 5 angular distribution (parity changes). Both are not detected leaving little evidence for a significant 239 Pu contamination in our target. To strengthen this point we also had a closer look at a possible l = 0 transfer leading to the first excited 1/2 + state at 146 keV in 237 Pu. Also this state would be located in the tail of a rather strongly excited J π = 4 + state at 1232 keV for which we observed a l = 4 rather than a l = 0 angular distribution, compare Fig. 5 .
In conclusion, we have no reason to believe that there are significant contaminants present in our 242 Pu target which could corrupt our results.
